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Abstract— This paper presents a new fuzzy control 
approach to compressor surge control. A variable area throttle 
is used in this strategy. The controller uses measurements of 
flow and the change of flow to determine the control action. By 
using the change of mass flow, the controller does not need to 
know where the operating point is. One advantage of the 
proposed controller is that it does not need a model of the 
controlled compressor and it works on any compressor as long 
as the static stability criterion is satisfied. The fuzzy rules are 
transferable and only the scaling factor and the throttle 
capacities need to be changed when the controller is applied to 
another compressor of the same type. Simulation results show 
that the proposed controller gives good performance in various 
situations.  
I. INTRODUCTION 
OMPRESSORS are widely used in the process industry, 
particularly the petroleum industry. However, the 
performance of all aerodynamic compressors (including 
centrifugal) is generally limited by an instability known as 
surge. Surge is a phenomenon that occurs at low 
compressor flow rates causing the compression system to 
operate on the positively sloped region of the compressor 
characteristic [1],[2]. It is characterized by periodic 
pressure and flow oscillations throughout the compression 
system. The flow fluctuates in magnitude and sometimes it 
even reverses its direction [3] which may lead to a lot of 
process disruptions. This instability limits the range of 
operation of the compressor and jeopardizes its stability.  
Over the years, many measures have been introduced to 
overcome the problem of surge in compressors. 
Traditionally, the problem has been tackled by using surge 
avoidance techniques [4]. However, this well established 
method limits the operational range of the compressor and 
reduces its efficiency [5],[6]. As a result, active surge 
control was introduced as an alternative approach to deal 
directly with the surge instability rather than avoiding it. 
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Active surge control was first introduced in [7]. The 
approach has the advantage of allowing stable compressor 
operation in previously unstable, high-performance areas 
and also has the advantage of relatively low-energy 
consumption, since it operates on small amplitude 
disturbances when it tries to stabilize surge in its earliest 
stages  [7]. The literature reports the use of many actuators 
for active control [5]. In many of the cases, proportional 
feedback was used as a control law and has proved to be 
successful [8],[9]. In some cases, nonlinear approaches 
were employed and showed to produce greater performance 
as demonstrated in [10]. The problem with nonlinear 
techniques, however, is that they involve a lot of tedious 
mathematical manipulation and do not offer a simple 
solution. 
In this study, a new nonlinear approach is presented, 
namely, a fuzzy logic controller. The advantages of this 
method lie in its simple design procedure and its good 
performance. Although fuzzy control has been successfully 
used in many other applications, its application in active 
surge control has not been found by the authors in the 
literature. This paper proposes the use of a variable area 
throttle to stabilize the surge instability. The use of the 
variable area throttle for active surge control is also 
reported in the literature by [11] and [8].  This paper 
presents a simple fuzzy logic control strategy that depends 
on intuition in its rules and that gives very satisfactory 
results at the end. These results are compared to those 
obtained by [6] in terms of performance. 
II. COMPRESSOR DYNAMICS AND SURGE FUNDAMENTALS 
The dynamics of turbo-compressors are usually described 
using what is known as the compressor characteristic. This 
is a curve that shows the expected pressure rise across a 
compressor for given RPM (Revolution Per Minute) and 
mass flow values. A compressor characteristic is uniquely 
defined by the compressor’s geometry, operating 
conditions, gas properties and other variables [12]. Fig. 1 
shows an example of how a compressor characteristic map 
looks like. In a compressor characteristic, a surge point is a 
point of minimum flow and maximum pressure (for a given 
RPM curve) that the compressor can tolerate before 
entering into a surge cycle [12]. The surge line is a line 
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connecting all the surge points for each RPM curve. 
Operating the compressor to the left of the surge line will 
cause the compressor to undergo a surge cycle that may 
damage it. The branches of the curves to the left of the 
surge line are normally not shown because it is forbidden to 
operate the compressor in that region and therefore they are 
not relevant [3]. Hence, for a stable compressor operation 
the operating point must be kept to the right of the surge 
line at all times. 
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Fig. 1. Compressor performance map 
Like the compressor characteristics, a throttle 
characteristic shows the expected pressure drop across a 
throttle given a mass flow and the throttle area values. The 
general shape of a typical throttle characteristic looks like 
the ones shown in Fig. 3. 
Fig. 2 shows a configuration of an idealized compressor 
as described in [2]. In this system, an incompressible fluid 
is pumped in from a large reservoir to a closed tank that 
contains a compressible gas. This tank discharges into a 
larger reservoir through a throttle valve. In this example, the 
two reservoirs are assumed to be at the same pressure level 
but they do not necessarily have to be equal. 
 
Fig. 2. An idealized compressor as described in [2] 
If the end effects are neglected, then the inlet of the 
compressor and the exit of the throttle can be considered to 
be at the same pressure [2]. As a result, the essential 
components of the system become: the pump (compressor), 
the mass storage capability of the closed volume (plenum), 
the throttle which controls the system flow rate and also 
represents the system pressure requirements (e.g. losses due 
to resistance in the piping or effects of subsystems) and 
finally the inertance of the incompressible fluid in the 
compressor inlet and throttle ducts [2]. These components 
are shown in Fig. 2 surrounded by the dotted circle. The 
operating point is at the intersection of the compressor 
characteristic and the throttle characteristics (resistance 
curve) as shown in Fig. 3.  
In a centrifugal compressor, static stability is guaranteed 
as long as the throttle line has a greater slope than that of 
the compressor characteristic at any given steady-state 
operating point (refer to [2] for more details). 
Mass Flow
Compressor Operating Point
Pr
es
su
re
 
Ri
se
 
(or
 
Dr
o
p)
O 
Throttle       
Charecteristic 
 Comperessor     
Charecteristic at
a fixed RPM      
Su
rg
e 
Li
n
e 
Operating 
Point     
 
Fig. 3. Operating point of a compressor 
Dynamic instability, however, is of more significance 
when dealing with surge since this is the criterion that 
causes the oscillations in the mass flow and pressure. In 
addition, it is the dynamic instability that is usually violated 
first before static instability [2]. A system could be 
statically stable but dynamically unstable. Usually dynamic 
instability occurs when the intersection point between the 
compressor characteristic and the throttle line is in the 
positively sloped region of the compressor characteristic. 
Therefore to prevent surge, the dynamic instability needs to 
be stabilized. 
 
Fig. 4. A schematic of the overall control strategy 
III. THE FUZZY CONTROLLER DESIGN 
A schematic of the proposed control strategy is shown in 
Fig. 4. The flow and change of flow measurements are fed 
into the Fuzzy Logic Controller (FLC) and the FLC in turn 
decides what the proper action to be taken. The controller 
used is a Mamdani-type FLC [13] with a typical IF-THEN 
rule structure. The defuzzification method used in the FLC 
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is the center of gravity defuzzification method.  
The controller consists of two input variables and one 
output variable. The input variables are the Flow Region 
(Input 1) and the Change Of Flow (or derivative of mass 
flow) (Input 2). The output variable is the signal that 
determines the fractional increase or decrease in the overall 
throttle gain, necessary to stabilize the system. This variable 
is named Valve Opening.  The nondimensional Flow 
Region range was set to be from 0 to 1. Since it is a 
common practice in fuzzy control design to normalize the 
inputs and the outputs of the controller between -1 and 1 or 
0 and 1, Input 2 range was set to be from -1 and 1 (Fig. 5). 
A scaling factor (SF=1000) has been placed before Input 2 
to ensures that the signal is mapped correctly into the 
normalized controller input (Fig. 4). By normalizing the 
inputs and outputs, the FLC can now be used on different 
compressors and without changing the membership 
functions inside of the controller. If the input signal range 
of the new compressor is somewhat different from the 
existing one, then only the value of the scaling factor needs 
to be changed. Moreover, by using this method, the scaling 
factor could be used as a tuning parameter to optimize the 
performance of the FLC. The FLC output range was set 
between -1 and 1, where -1 and 1 corresponds to the 
minimum and maximum openings of the throttle valve 
above or below the steady-state value respectively. 
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Fig. 5. Input and output membership functions 
Fig. 5 shows the membership functions used for the two 
inputs (top) and the output of the controller (bottom). As 
shown, three membership functions were used for every 
variable. For Input 1 the flow region was divided into three 
sections: a “safe region”, a “surge line” region and a “surge 
region”. A triangular membership function was used for the 
“Surge line” region, a sigmoid function for the “Safe 
Region” and a Z-shaped function for the “surge Region”. 
Input 2, the change of flow, was divided into a negative, 
zero and positive sections using triangular membership 
functions. Since Input 2 is the derivative of the flow, this 
means this signal is so susceptible to noise. A first order 
filter (with a time constant = 4) is placed before input 2 to 
filter out any noise as can be seen in Fig. 4. Finally, the 
output was divided into five sections, close fast, close, do 
nothing, open, and open fast. Triangular membership 
functions were used for each of them.  
Table I summarizes the rules used in the FLC. The 
controller’s main function is to keep the pressure difference 
between the plenum and the compressor at almost zero. The 
change of flow signal contains information about the 
direction that the flow will take in the future. This is 
directly related to the difference in pressure between the 
plenum and the compressor. Therefore, if the flow is in the 
surge line region or the surge region itself, the controller 
needs to be ready to act. Also, whenever the change of flow 
is negative the controller should increase the opening of the 
throttle to release some of the pressure in the plenum until 
the change of flow is around zero again. If the change of 
flow is positive, the controller should decrease the throttle 
opening to add some resistance to the system. The amount 
of extra opening and closing of the throttle will be 
proportional to the change of flow value. The larger the 
change of flow value the more throttle opening/closing will 
be required. 
TABLE I 
FUZZY CONTROLLER RULES 
 Flow region 
 
 
Surge Surge Line Safe 
Negative Open Fast Open Do Nothing 
Zero Do Nothing Do Nothing Do Nothing 
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Positive Close Fast Close Do Nothing 
 
Fig. 6 shows the control surface for the FLC. As the 
figure shows, because the compressor is inherently stable 
for flow values larger than the surge line (nondimensional 
mass flow, Φ, greater than 0.49), the controller output is 
zero in those regions. The controller output is also zero 
whenever the change of flow is zero. 
IV. SIMULATION RESULTS 
A. Closed Loop Control 
The developed fuzzy controller was tested using 
simulation based on the model reported in [14],[15]. The 
system was simulated with the throttle gain set to 0.5 ( Φ = 
0.39) and controller being switched on. The scaling factor 
of the fuzzy controller was set to 1000 which was obtained 
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by trial and error. The results are presented in Fig. 7 and 
Fig. 8. As it can be seen from Fig. 7, the controller succeeds 
in stabilizing the system at the new equilibrium point ( Φ  = 
0.39) even thought it is to the left of the surge line (the 
unstable region). The first two panels of Fig. 8 show the 
nondimensional mass flow, Φ , and nondimensional 
pressure, Ψ, of the system against the nondimensional time, 
ξ , respectively. The third and fourth panels show the 
change of flow signal and the control signal respectively. It 
can be observed from the figure that there was no control 
action until the flow approached the surge line. At that 
point, the controller increases the gain of the throttle to 
allow more flow and prevent surge. The action of the 
controller was gradually moving towards zero as the system 
approached its equilibrium point as required.  
In the previous case, the control action gave only positive 
action. This is because only negative change of flow was 
encountered. In some cases, however, the system 
experiences positive change of flow. This might not cause 
reversal of the flow but it may undermine the performance 
of the controller. For example, positive change of flow 
might occur when the throttle line moves from low mass 
flow values to higher mass flow values or when noise or 
disturbances are involved. Fig. 9 shows two cases: the left 
portion shows the case where the controller is controlling a 
throttle valve by increasing or decreasing its area around the 
steady-state value, and the right shows the situation when 
the controller is only allowed to increase the flow of the 
system but not decrease it. This might occur when a bleed 
valve is used that remains shut and only allowed to open 
when the change of flow is negative (i.e. when there is a 
potential that the system will surge). The controller has no 
effect on the throttle here [15]. 
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Fig. 6. Control surface for the fuzzy system 
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Fig. 7. Stable operation in the surge region with fuzzy controller switched 
on  
It can be noted from Fig. 9 that when using only a bleed 
valve, the controller can prevent surge. However, when the 
operating point changes to a higher mass flow (say by 
increasing the area of the throttle) the pressure in the 
plenum will drop suddenly and a pressure imbalance 
between the plenum and the compressor will be created. 
This will result in the flow to accelerate in a forward 
direction (positive change of flow).  
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Fig. 8. Stable operation with fuzzy controller  
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Fig. 9. Comparison between using a variable area throttle and a bleeding 
valve 
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This means that the flow will have to go back to the stable 
region before coming back again to the surge region. Once 
the flow return to the surge region (negative change of 
flow), the controller will be able to stabilize it again. In 
contrast, when a throttle controller is allowed to increase 
and decrease its area the resulting response is much better. 
Not only that it prevents surge, but it also makes the flow go 
straight to the new steady-state point without the need of 
going back to the stable region first.  
B. Uncertainty in the Location of the Throttle Line 
Fig. 10 shows a case with 4 different throttle gains (γT = 
0.55, 0.5, 0.45 and 0.4). As it can be observed from the 
figure, the controller succeeds in stabilizing the compressor 
at different locations in the surge region without the need of 
re-tuning any of its parameters. The dashed vertical lines 
show the location where the throttle line is supposed to 
intersect with the compressor characteristic for all four 
cases. The small circles mark the starting points of the 
simulation while the small squares mark the finishing 
points. Since there was no parameter change in the 
controller in all four cases, the results show that this 
controller is robust in the face of uncertainties in the 
location of the throttle line. 
-0.2 0 0.2 0.4 0.6 0.8
0
0.2
0.4
0.6
0.8
1
Φ
Ψ
-0.2 0 0.2 0.4 0.6 0.8
0
0.2
0.4
0.6
0.8
1
Φ
Ψ
-0.2 0 0.2 0.4 0.6 0.8
0
0.2
0.4
0.6
0.8
1
Φ
Ψ
-0.2 0 0.2 0.4 0.6 0.8
0
0.2
0.4
0.6
0.8
1
Φ
Ψ
 
 
γT = 0.55
γ = 0.5
γT= 0.45 γT=0.4
 
Fig. 10. The operation of the FLC at 4 different operating points 
C. Comparison with [6]  
Reference [6] proposed the use of a CCV to control 
surge, based on the findings of [9]. Linear analysis in [9] 
showed that using a CCV has the potential of providing 
better control compared to other actuation forms such as 
bleed valves when coupled with mass flow measurements. 
Fig. 11 shows a comparison between the results obtained in 
this paper and those of [6]. The throttle gain used in [6] was 
set to 0.61 while for the fuzzy method the throttle gain is set 
to 0.51.  This is to ensure that the steady-state mass flow 
value for both systems is the same (Φ =0.40). It can be seen 
from Fig. 11 that both methods achieve stability at the same 
mass flow point. However, the method employed in [6] 
results in pressure drop across the CCV which results in the 
operating point to be operated at low pressure value as 
demonstrated on the figure. In contrast, the fuzzy controller 
method with the variable area throttle achieved stabilization 
at Φ =0.40 without the pressure drop that comes with the 
CCV. It can be argued that this means the strategy 
employed in this paper is therefore more efficient, as it 
achieves stabilization without the need of loosing some of 
the pressure that the compression system produces at the 
first place. It is worth noting that, the controller employed 
in [6] is a nonlinear controller derived using the 
backstepping methodology of [16]. The approach involves a 
lot of tedious mathematical manipulation. The method 
proposed in this paper is simply designed by intuition and 
operating experience and also uses the existing throttle (or 
will require only changing the throttle) and do not need 
coupling the compressor with a CCV. The biggest 
advantage of the FLC method, however, is the simplicity of 
its design. This allows the operators in the industry to 
understand the controller which might help in convincing 
the decision makers to shift from conventional anti-surge 
control to active surge control. 
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Fig. 11. Comparison between the CCV approach and the varying throttle 
approach 
Fig. 12 shows the same comparison but this time against 
ζ. However, in this case the controller was switched on at ζ 
= 1600 in both cases. The throttle gain was set so that 
stabilization is achieved at Φs = 0.40 as before. In the 
figure, the CCV case is marked with the dashed line and the 
method proposed in this paper by the continuous line. For 
the mass flow case, both controllers achieve stabilization at 
the wanted mass flow point. However, for the pressure case, 
the figure shows a big difference in the pressure at which 
this stabilization was achieved. It is apparent that the CCV 
method wastes a lot of the pressure that the compressor has 
produced at the first place to achieve this stabilization. 
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V. CONCLUSION 
The paper presents a novel fuzzy logic control strategy to 
control the surge instability. The controller relies solely on 
intuition in its design which makes understanding its 
operation very easy even to ordinary process operators. The 
controller uses measurements of the flow and the change of 
the flow to determine the appropriate actions. One of the 
advantages of using the change of mass flow signal is that it 
does not require the controller to know where the operating 
point is. The actuator of choice is a variable area throttle 
valve that is used to increase or decrease the resistance that 
the compressor experiences as required to stabilize surge.  
One of the main advantages of this method is that it does 
not need a model of the controlled compressor. The 
controller will work on any compressor as long as the static 
stability criterion is satisfied. Another advantage of the 
method is that the fuzzy controller rules are transferable and 
only the scaling factor and the throttle capacities need to be 
changed when the controller is used on another compressor 
of the same type. Simulation studies show promising 
results. When compared to the results of [6] the controller 
gives stabilization at the same mass flow value without the 
pressure drop that usually accompanies the use of a CCV 
valve. Finally, the controller also showed that it is robust in 
the face of uncertainty in the location of the throttle line.  
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Fig. 12. Comparison between CCV method and variable throttle area 
method (against time) 
REFERENCES 
[1] D. A. Fink, N. A. Cumpsty, and E. M. Greitzer, "Surge dynamics in 
a free-spool centrifugal compressor system," Journal of 
Turbomachinery Transactions of the Asme, vol. 114, pp. 321-332, 
1992. 
[2] E. M. Greitzer, "The stability of pumping systems - the 1980 
freeman scholar lecture," Journal of Fluids Engineering, vol. 103, 
pp. 193-242, 1981. 
[3] K. H. Lüdtke, Process centrifugal compressors. Berlin Heidlberg: 
Springer-Verlag, 2004. 
[4] N. Staroselsky and L. Ladin, "Improved surge control for centrifugal 
compressors," Chemical Engineering, vol. 86, pp. 175-184, 1979. 
[5] F. Willems and B. de Jager, "Modeling and control of compressor 
flow instabilities," Control Systems Magazine, IEEE, vol. 19, pp. 8-
18, 1999. 
[6] J. T. Gravdahl, "Modelling and control of surge and rotating stall in 
compressors," in PhD, Department of Engineering Cybernetics. 
Torndheim: Norwegian University of Sience and Technology, 1998. 
[7] A. H. Epstein, J. E. F. Williams, and E. M. Greitzer, "Active 
suppression of aerodynamic instabilities in turbomachines," Journal 
of Propulsion and Power, vol. 5, pp. 204-211, 1989. 
[8] J. E. Pinsley, G. R. Guenette, A. H. Epstein, and E. M. Greitzer, 
"Active stabilization of centrifugal compressor surge," Journal of 
Turbomachinery-Transactions of the Asme, vol. 113, pp. 723-732, 
1991. 
[9] J. S. Simon, L. Valavani, A. H. Epstein, and E. M. Greitzer, 
"Evaluation of approaches to active compressor surge stabilization," 
Journal of Turbomachinery-Transactions of the Asme, vol. 115, pp. 
57-67, 1993. 
[10] O. O. Badmus, S. Chowdhury, and C. N. Nett, "Nonlinear control of 
surge in axial compression systems," Automatica, vol. 32, pp. 59-70, 
1996. 
[11] F. Willems and B. de Jager, "Active compressor surge control using 
a one-sided controlled bleed/recycle valve," presented at Decision 
and Control, 1998. Proceedings of the 37th IEEE Conference on, 
1998. 
[12] H. P. Bloch, A practical guide to compressor technology. New 
York: McGraw-Hill, 1995. 
[13] E. H. Mamdani, "Application of fuzzy algorithms for control of 
simple dynamic plant," Proceedings of the Institution of Electrical 
Engineers-London, vol. 121, pp. 1585-1588, 1974. 
[14] F. K. Moore and E. M. Greitzer, "A theory of post-stall transients in 
axial-compression systems .1. Development of equations," Journal 
of Engineering for Gas Turbines and Power-Transactions of the 
Asme, vol. 108, pp. 68-76, 1986. 
[15] S. Al-Mawali, "A fuzzy approach to active surge control of 
centrifugal compressors," presented at International Control 
Conference 2006, Glasgow, UK, 2006. 
[16] M. Karstic, I. Kanellakopoulos, and P. Kokotovic, Nonlinear and 
adaptive control design: John Wiley and Sons, 1995. 
 
 
WeC07.4
687
Authorized licensed use limited to: Newcastle University. Downloaded on May 25,2010 at 14:58:29 UTC from IEEE Xplore.  Restrictions apply. 
